Fuel cell vehicles are undergoing extensive research and development because of their potential for high efficiency and low emissions. Because fuel cell vehicles remain expensive and there is limited demand for hydrogen at present, very few fueling stations are being built. To try to accelerate the development of a hydrogen economy, some original equipment manufacturers in the automotive industry have been working on a hydrogenfueled internal combustion engine (ICE) as an intermediate step. This paper compares the fuel economy potential of hydrogen powertrains to conventional gasoline vehicles. Several timeframes are considered : 2010, 2015, 2030, and 2045. To address the technology status uncertainty, a triangular distribution approach was implemented for each component technology. The fuel consumption and cost of five powertrain configurations will be discussed and compared with the conventional counterpart.
INTRODUCTION
The 1993 Government Performance and Results Act (GPRA) holds federal agencies accountable for using resources wisely and achieving program results. The GPRA requires agencies to develop plans for what they intend to accomplish, measure how well they are doing, make appropriate decisions on the basis of the information they have gathered, and communicate information about their performance to Congress and to the public. Every year, a report is published [1] to assess the results and benefits of the different programs.
The current study evaluates the benefits of the light-duty vehicle research conducted at the U.S. Department of Energy from fuel efficiency and cost perspectives. The different technologies were simulated by using the Powertrain System Analysis Toolkit (PSAT). Argonne designed PSAT [2, 3] to serve as a single tool that can be used to meet the requirements of automotive engineering throughout the development process, from system modeling to control. Because of time and cost constraints, designers cannot build and test each of the many possible powertrain configurations for advanced vehicles. PSAT, a forward-looking model developed with Matlab, Simulink, and StateFlow, offers the ability to quickly compare several powertrain configurations from a performance and fuel efficiency point of view. Component costs were gathered from experts to later evaluate market penetrations.
The current study evaluates the potential fuel efficiency and cost of hydrogen fueled vehicles compared to gasoline vehicles for several time frames.
METHODOLOGY
Advanced vehicles are designed on the basis of various component assumptions. The fuel efficiency is then determined by a simulation on the Urban Dynamometer Driving Schedule (UDDS) and Highway Federal Emissions Test (HWFET). The vehicle costs are calculated from the component sizing. Both cost and fuel efficiency are then used to define the market penetration of each design to finally estimate the amount of fuel saved. The process is summarized in Figure 1 . This paper will focus on the first phase of the project: assessment of fuel efficiency and cost. Overall, more than 700 vehicles were defined and simulated in PSAT. The current study does not include micro or mild hybrids and does not focus on emissions.
Figure 2: Vehicle Classes, Timeframes, Configurations, and Fuels Considered
To address uncertainties, we employed a triangular distribution approach (low, medium, and high), as shown in Figure 3 . For each component, assumptions were made (efficiency, power density, etc.), and three separate values were derived to represent (1) the 90 th percentile, (2) 50 th percentile, and (3) 10 th percentile. A 90% probability means that the technology has a 90% chance of being available at the time considered. For each vehicle considered, the cost assumptions also follow the triangular uncertainty approach. Each set of assumptions is, however, used for each vehicle, and the most efficient components are not automatically the cheapest ones. As a result, for each vehicle considered, we simulated three options for fuel efficiency. Each of these three options also has three values representing the cost uncertainties.
Figure 3: Triangular Uncertainty Approach
The following section describes the assumptions and their associated uncertainties for each component technology.
COMPONENT TECHNOLOGY ASSUMPTIONS
ENGINES -Several state-of-the-art engines were selected for the fuels considered: gasoline, diesel, E85 FlexFuel, and hydrogen. The data on gasoline, diesel, and E85 FlexFuel engines for current conventional vehicles were provided by automotive car manufacturers, while data for port-injected hydrogen engines were generated at Argonne [4] . The engines used for HEVs and PHEVs are based on Atkinson cycles, generated from test data collected at Argonne's dynamometer testing facility [5] . Different options were considered to estimate the evolution of each engine technology. Although linear scaling was used for gasoline and E85 (HEV application only) and diesel engines, direct injection with linear scaling was considered for the hydrogen-fueled engine [5] , and nonlinear scaling based on Bandel's work [6] was used for gasoline and E85 (conventional applications). For the non-linear scaling, different operating areas were improved by different amounts, which resulted in changing the constant efficiency contours. The peak efficiencies of the different fuels are shown in Figure 4 .
Figure 4: Engine Efficiency Evolution
FUEL CELL SYSTEMS -The fuel cell system model is based on the steady-state efficiency map shown in Figure 5 . The fuel is assumed to be gaseous hydrogen. In simulation, the additional losses due to transient operating conditions are not taken into account. Cell System Power from the System Map Figure 6 shows the peak efficiencies of the fuel cell system and its corresponding cost. The peak fuel cell efficiency is assumed to be currently at 55% and to increase to 60% by 2015. The value of 60% has already been demonstrated in laboratories and, therefore, is expected to be implemented soon in vehicles. The peak efficiencies remain constant in the future, as most research is expected to focus on reducing cost. The costs are projected to decrease from $108/kW currently (values based on high production volume) to an average of $45/kW in 2030 (uncertainty from $30 to $60/kW).
Figure 6: Fuel Cell System Efficiency and Cost
HYDROGEN STORAGE SYSTEMS -The evolution of hydrogen storage systems is vital to the introduction of hydrogen-powered vehicles. Figure 7 shows the calculated evolution of hydrogen storage capacity.
Figure 7: Hydrogen Storage Capacity in Terms of Hydrogen Quantity
One of the requirements for any vehicle in the study is that it must be able to travel 320 miles on the Combined Driving Cycle with a full fuel tank. However, if we wanted to simulate current vehicles with a hydrogen storage system allowing a driving range of 320 miles, the amount of hydrogen needed, and thus the corresponding fuel tank mass, would be too large to fit in the vehicles. As a result, different ranges were selected: ELECTRIC MACHINES - Figure 8 shows the electric machine peak efficiencies considered. The values for the current technologies are based on state-of-the-art electric machines currently used in vehicles [7] . The electric machine data from the Toyota Prius and Toyota Camry were used for the power-split HEV application, while the electric machine used in the Ballard Integrated Powertrain (IPT) was selected for series fuel cell HEVs. Because the electric machine is already extremely efficient, most of the improvements reside in cost reduction, as shown in Figure 9 . Although numerous studies are being undertaken with ultracapacitors, only batteries were taken into account in this study. All current vehicles are defined as using nickel/metal hydride (NiMH) battery technology. The Liion technology is introduced for the high case in 2010 and for the medium and high cases in 2015 before becoming the only one considered for later timeframes. For HEV applications, the NiMH technology is based on the Toyota Prius battery pack, and the Li-ion technology is based on the 6-A•h battery pack from Saft. For PHEV applications, the VL41M battery pack from Saft has been characterized. Because each vehicle is sized for both power and energy in the case of a PHEV, a sizing algorithm was developed to design the batteries specifically for each application [8] .
To ensure that the battery has similar performance at the beginning and end of life, the packs were oversized both in power and energy, as shown in Figure 10 . In addition, for PHEV applications, the state-of-charge (SOC) window (difference between maximum and minimum allowable SOC) was assumed to increase over time, allowing a reduction of the battery pack, as shown in Figure 11 . VEHICLE -As previously discussed, four vehicles classes were considered. Their characteristics are given in Table 1 . Because of improvements in vehicle material, the glider mass is expected to significantly decrease over time.
The maximum value of 30% was defined on the basis of previous studies [9] that calculated the weight reduction that one could achieve when replacing the entire chassis frame by aluminum. Although the frontal area is expected to differ from one vehicle configuration to another (i.e., the electrical components will require more cooling capabilities), the values were considered constant across the technologies. Figures 14 and 15 show the reduction in both glider mass and frontal area.  0-100 km/h in 9 ± 0.1 s  Maximum grade of 6% at 105 km/h for gross vehicle weight  Maximum vehicle speed of >160 km/h For all cases, the engine or fuel cell powers are sized to perform the grade requirement without any assistance from the battery. For HEVs, the battery was sized to recuperate the entire braking energy during the UDDS drive cycle. For the PHEV case, the battery power is defined to be able to follow the UDDS in the electric mode while its energy is calculated to follow the trace for a specific distance. Because of the many vehicles considered, an automated sizing algorithm was defined [10] .
Input-mode power split configurations, similar to those used in the Toyota Camry, were selected for all HEV and PHEV applications. The series fuel cell configurations use a two-gear transmission to achieve the maximum vehicle speed requirement. The vehicle-level control strategies employed for each configuration have been defined in previous publications [11, 12, 13, 14, 15] . Figure 16 shows the evolution of both gasoline (SI) and hydrogen (H2) engine powers as a function of vehicle mass for a conventional midsize vehicle. As evident, the power for the hydrogen engine jumps significantly above 1700 kg; this result is due to a change in technology (from port injected to direct injected). Figure 17 shows the engine and fuel cell system power as a function of vehicle mass for several advanced technologies, including HEVs and PHEVs. Since the electric machines used for PHEVs have higher power than the ones for HEVs, the engine is only sized for the gradeability requirement for PHEVs while it is also sized by performance for both power split and fuel cell HEVs. As a result, both engine and fuel cell powers decrease from HEVs to PHEVs. Figure  21 shows the evolution of HEVs for both hydrogen and gasoline engines. The current H2-ICE technology consumes slightly more than the gasoline HEV. However, when the direct injection technology is used, the fuel efficiency becomes higher for the hydrogen than the gasoline HEV. (Figure 22 ). This difference in fuel consumption increases in the next timeframes to reach 54% for the 2030 average case. In 2045, the trend changes. In the 2045 average case, the fuel cell vehicle consumes 51% more fuel than the gasoline conventional vehicle. This value is still higher than for the reference year, which means that the gasoline conventional vehicle will not improve its fuel consumption as fast as the fuel cell HEV. Figure 26 shows the cost ratio between hydrogen engine vehicles and conventional gasoline vehicles. While hydrogen engines will remain more expensive, the technology will become more cost competitive over time.
COMPONENT SIZING

EVOLUTION OF H2-ICE VS. GASOLINE HEV -
EVOLUTION OF H2-ICE VS. GASOLINE VEHICLE -
The main reason is cheaper hydrogen storage systems. Figure 27 shows the cost ratio between fuel cell and conventional gasoline vehicles. The trend is similar to that for the hydrogen engine in the sense that the cost ratio will decrease in the future. However, this decrease is more pronounced for the fuel cell HEV because in addition to a significant cost reduction for the hydrogen tanks, the vehicle also benefits from the cost reduction related to the fuel cell system. 
TRADE-OFF BETWEEN FUEL EFFICIENCY AND COST
The following focuses on analyzing the tradeoff between fuel efficiency and incremental cost. The reference used is the current gasoline conventional vehicle with a fuel consumption of 3.1 gal/100 miles. Figure 29 shows the trade-off for hydrogen hybrids for different timeframes. The fuel consumption can be reduced from 1.6 to 0.85 gal/100 miles for an additional cost ranging from $6000 to $3000. As one expects, the best fuel consumptions and lowest costs are achieved for the later timeframes (2045). For the HEVs at 0.8 gal/100 miles, the additional cost is higher (ranges from $20,000 to $5000) with the lowest fuel efficiency. For the PHEVs, we find a diminishing return on investments since little fuel efficiency gain is achieved for higher all-electric range for a higher cost. 
CONCLUSIONS
The potential fuel economy of two promising hydrogen technologies has been compared on the UDDS and HWFET driving cycles for several vehicle classes and timeframes (2008 to 2045). The uncertainties of each technology were taken into account as part of the evaluation. The necessary developments to achieve the respective efficiency and cost goals are significant.
The fuel efficiency of hydrogen vehicles is expected to significantly improve in the future. While the improvements for the ICE-powered vehicles are related to engine enhancements, most gains from the fuel cell vehicles are related to the overall vehicle.
Most improvements for the fuel cell vehicle are related to cost, with significant reductions expected for both the fuel cell system and the hydrogen storage in later years.
The study confirms the Department of Energy (DOE) position that while fuel cell vehicles consistently achieve the highest fuel efficiency, H2-ICE can serve as a bridging technology and might help in the development of the infrastructure needed for hydrogen fuel.
